This paper presents results from the High Efficiency Solar Panel Experiment (HESP) flown on the Combined Release and Radiation Effects Satellite (CRRES). The on-orbit solar cell degradation is correlated with the proton and electron environments. Comparisons between gallium arsenide germanium (GaAs/Ge) and silicon (Si) solar cells are presented, and results from three different annealing methods of like GaAs solar cells are compared.
Much of the analysis done on the space performance of solar cells is based on the common practice of reducing the fluences produced by the NASA models, both AP8 (protons) and AE8 (electrons), to a 1 MeV equivalent electron fluence and then looking up a damage versus fluence curve in a solar cell radiation handbook [5]. However, when discrepancies arise, there is no way of knowing whether the estimations of the space environment are in error or if the solar cell is not degrading as expected.
The data from CRRES combines HESP solar cell degradation data from advanced technologies like GaAs and GaAs/Ge with proton and electron differential fluence data in units of particles/cm2/sr. From this data set, we have been able to compare the performance of GaAs and silicon solar cells as well as correlate the degradation of maximum power to changes occurring in the space radiation environment. Finally, we have compared three different annealing methods.
We do not attempt to reduce the radiation environment to a 1 MeV equivalent electron fluence and compare the results with the NASA models. Instead, our goal is to demonstrate that the very dynamic nature of both the proton and electron radiation belts and the changes brought about by solar flares and geomagnetic storms directly affect the performance of solar cells, and simple static models cannot accurately predict degradation.
SPACECRAFT & INSTRUMENTATION
The CRRES mission lasted 1067 orbits from July 25, 1990 to October 12, 1991. The satellite had an highly elliptical orbit (350 km X 35,000 km) and an inclination of 18.2". The nine hour and fifty minute orbit took the satellite through the heart of the outer (electron) and inner (mostly proton) radiation belts.
HESP was designed to study the degradation of both gallium arsenide germanium (GaAs/Ge) and silicon (Si) solar cells in the space radiation environment and to study the effectiveness of different types of annealing methods in GaAs solar cells. Five different solar cell parameters were measured: maximum power, short-circuit current, open-circuit voltage, and voltage and current at maximum power. Other parameters studied included solar cell efficiency, GaAs/Ge cells versus Si cells, coverglass thickness, coverglass material, and soldered versus welded interconnects. Two different solar panels were built: an Ambient panel and an Annealing panel.
The Ambient panel was made up of a total of 12 cell strings, 10 GaAs/Ge strings with four cells per string and 2 silicon strings with five cells per string. All solar cells were 2 cm X 2 cm in area. The two Si solar cell strings, both built by Spectrolab, were the K4-314 solar cell with a solar cell efficiency of 12.3 % and the thin K7-314 solar cell with a solar cell efficiency of 14.8 %. The K4-314 cell string served as the reference string for the entire experiment. The K4-314 N/P cell has a 10 n-cm base resistivity, 0.15 pm junction depth, a dual layer Ti0,A1203 AR coating, PdTiAg contacts, no back surface field, a back reflector, and is 200 pm thick. The thin K7-3/4 N/P cell has a 10 Q-cm base resistivity, a 0.15 pm junction depth, a dual layer Ti0,A1203 AR coating, PdTiAg contacts, a back surface field, a back reflector, and is 62 pm thick [6] .
The ten GaAs/Ge PIN cell strings were built by Applied Solar Energy Corp (ASEC) using a Metal Organic Chemical Deposition (MOCVD) process. The cells had a GaAs buffer region of 6-9 pm thick, a 0.47 pm junction depth, a 0.06 pm AlGaAs window, an AuZnAg front contact, a AuGeNiAg rear contact, a Ti0,Al,03 AR coating, and were 200 pm thick. The efficiencies of the ten GaAs/Ge cells ranged from 17.5 to 19.2%. Table I summarizes the 12 cell strings in the Ambient U.S. Government work not protected by U.S. copyright panel. Two types of materials were used as coverglass: Quartz (fused silica) and ceria-doped microsheet (CMX). All covers were bonded to the solar cells with a DC93500 silicone adhesive [6] . 
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The Annealing panel was made up of a total of eight GaAs cell strings built by Hughes Research Laboratory (HRL). Each string was built using a liquid-phase epitaxy (LPE) process and consisted of four cells, each with an area of 2 cm X 2 cm.
The GaAs P/N cells had a -1 X lok8 cm-3 Te doped n-type substrate, a Sn doped buffer region 10 pm thick with a carrier concentration of 1 X 10" ~m -~, a 0.5-0.6 pm junction depth, a 0.05 pm AlGaAs window doped with Be ( > 2 X 10" ~m .~) , an AuZnAg front contact, an AuGeNiAg back contact, a T%O, AR coating, and were 300 pm thick. Cell numbers 1-7 were covered with quartz coverglass and cell number 8 was covered with CMX coverglass. All coverglasses were bonded to the cells usifig DC93500 adhesive. The solar cell efficiencies ranged from 14.7 to 16.7%. String numbers 1 and 2, constant heater strings, were heated continuously to 170" C using an external heater. String numbers 3 and 4, pulsed heater strings, were heated to 250" C for 0.5 hour per week using an external heater. String numbers 5 and 6, forward bias strings, were heated to 190" C for 0.5 hour per week using a forward biasing technique. The last two strings, numbers 7 and 8, were not heated and served as a reference for the Annealing panel. Table I1 summarizes the 8 cell strings in the Annealing panel [6] .
Proton environmental data was provided by the Proton Telescope (PROTEL) on CRRES. PROTEL measured the differential energy spectrum of protons in 24 energy channels 
DATA RESULTS
Our data analysis efforts consisted of two parts. The first part comprised of quantifying the space radiation environment and correlating changes in solar cell maximum power with changes in the environment. This helped explain several unusual results seen in the data. The second dealt with direct comparisons between cell materials, coverglass materials and thicknesses, and different biasing methods.
The majority of particulate radiation the solar cells were exposed to came from the inner (mostly proton) and outer (electron) radiation belts. Particles from solar flares were only a minor contribution. As an illustrative example of the proton environment, figure 1 shows three channels from the Proton Telescope, channel 9 (6.0 -7.7 MeV with a 6. The period from the beginning of the mission to orbit 587 was a relatively quiet period, devoid of solar flares or geomagnetic stonns. The proton fluence per orbit peaks around orbit 200 and steadily declines until orbit 587. The difference in proton fluence from orbit to orbit was a result of the satell-
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results from simply integrating figure 1. The 10.7 and 19. 4 MeV protons have been multiplied by a factor of 10 to facilitate comparisons. The fluence data has been plotted on a proton fluence. As the figure shows, the rate of increase in total proton fluence begins to decline somewhat during orbits 400-587. The effect of the solar flare is clearly seen by the sudden jump in the data at orbit 587. The total fluence begins to increase rapidly from orbits 600 -900 before beginning to level off at the end of the mission.
The electron environment was extremely dynamic especially when compared to the proton environment. ite's 18.2" inclination which resulted in the satellite cutting through the radiation belts on different tracks each orbit. On 22 March 1991 (orbit # 584) a large solar flare occurred at 22:47 Universal Time (UT). Following the flare, a solar particle event was measured on CRRES beginning at about 7:30 UT on 23 March. While the solar particle event was in progress, a sudden storm commencement occurred at 3:42 UT (due to the interaction of a large shock with the magnetosphere), and created a second proton radiation belt [SI. The creation of this new belt led to a significant increase in proton fluence per orbit over the fluence preceding the event. The proton fluence per orbit steadily increases up to orbit 900 and then decreases as the second inner radiation belt begins to decay. During orbits 600-900, there were also several other particle events during orbits 765 to 793, 829 to 834, and 843 to 847.
ORBIT NUMBER The beginning of the mission to orbit 587 was also a quiet period in the electron environment. The electron fluences per orbit peak around orbit 200 and steadily decline until orbit 600. The sudden storm commencement at orbit 587 and subsequent storms during orbits 600-900 increased the electron fluence per orbit several orders of magnitude. The 1.1 MeV electron fluence peaked at orbit 600 at 1.85 X 10" e-/cm2/sr compared to 1.86 X 108 e-/cm2/sr 16 orbits before (approximately one week). Figure 4 is a similar plot of the total electron fluence in e-/cm2/sr versus orbit number. Here the dynamic aspect of the electron belts is clearly visible. The increase in electron fluence from orbits 300 -600 is relatively small. However, after the geomagnetic storm at 600, there is a sharp increase in fluence followed by an even larger increase during orbits All the HESP data were reduced and corrected to 1 sun AM0 at 28' C using temperature coefficients generated from the same batch of solar cells tested at the Jet Propulsion Laboratory. Operating temperatures for both the Annealing 800 -1000. and Ambient panel were provided by sensors on the two panels. The solar cells on the Ambient panel operated between 85 and 90" C except during eclipses. In the annealing panel, the pulse heater cells (unheated), the forward bias cells (unheated), and the reference cells operated between 94 and 100" C except during eclipses.
The various solar cell parameters were plotted versus orbit number to see if any irregularities appeared in the data. We found that the degradation in a number of strings seemed to have leveled off between approximately orbits 400-600. The degradation in three different cell parameters, maximum power per cell, short circuit current, and open circuit voltage, seemed to have stopped or even slightly recovered during this period.
We investigated the possibility that the measurement electronics could have become faulty during the period. No evidence for erroneous behavior was uncovered. We believe that the cell recovery was due in fact to the low particle fluences observed during that period. Figure 5 shows the maximum power per cell for the thin silicon K7-314 cell with 12 mils quartz coverglass and for the GaAs/Ge cell with 4 mils CMX coverglass versus orbit number. As the figure shows, the degradation in maximum power per cell levels off during orbits 400-600. The total 10.7 MeV proton fluence is inverted and plotted on the secondary y-axis for comparison. The rate df increase in the total proton fluence is less during orbits 400-600. At this time, it appears that the cells are annealing at the same rate as they are being damaged. After orbit 587, the rate of proton fluence increases as well as the degradation rate of the cells. Figure 6 is a similar plot except that the total 1.1 MeV electron fluence is inverted and plotted on the secondary yaxis. It appears that the electrons were not responsible for the damage. The electron fluence per orbit is relatively level from orbits 100-400 while the maximum power steadily declines. Also, the degradation in solar cells after orbit 600 is relatively consistent and does not correlate with the large increases in electron fluence at orbit 600 and again at orbits 800-900. As further evidence that the leveling off of the solar cell degradation was due to the space environment and not from the supporting electronics, we looked at the solar cell data from the Hipparcos satellite. The Hipparcos satellite was launched 8 August 1989 with an inclination of 7" and a transfer orbit of 651 km X 35,835 km. Like the CRRES satellite, Hipparcos traveled through the radiation belts four times per day. The satellite has both GaAs/Ge and silicon solar cells with CMX coverglass. Results from these solar cells, both silicon and GaAs/Ge, show that the degradation in cell parameters such as short-circuit current and open-circuit voltage did indeed level off during similar periods seen by CRRES [lo] .
Because of the large volume of data generated by the experiment, the data set had to be summarized, and only maximum power per cell plots are shown. The initial rapid drop in the thin silicon solar cell performance is due to the fact that it has a back surface field. The back surface field is particularly susceptible to radiation damage [ll] and usually becomes ineffective after a year in orbit. The shallow junction in the GaAs/Ge (0.5 micron) solar cells is one of the main keys to its better performance in a radiation environment. Cells with deeper junctions ;1 micron) normally have a better BOL efficieucy ; however, their radiation performance is only slightly better than that of silicon Figure 8 shows the same three cells compared cI7 a normalized plot. At the end of fourteen and a half months, the GaAs/Ge cell was producing 87% of its BOL power, the silicon reference cell 84 % of BOL power, and the thin silicon solar cell 78% of its BOL power. All spacecraft are designed for a specific end-of-life (EOL) power after a fixed number of years in orbit. Neglecting GaAs annealing, the higher BOL efficiency of the GaAs/Ge solar cells coupled with lower losses makes GaAs/Ge solar cells prime candidate to replace silicon solar cells for high radiation orbits. The thin silicon solar cell is usually selected for spinner spacecraft where the colder cell operation (25' C to 45" C) is an advantage for silicon over GaAs/Ge. At high temperatures, 85" C or above, the temperature coefficient for GaAs/Ge results in substantially more power than can be provided by +he degraded silicon solar cell. Figure 11 is a similar plot comparing 12 mils coverglass GaAs cells. The first seven out of eight annealing strings were covered with quartz, while cell string number eight, the 6 mils reference cell, was covered with microsheet.
Before orbit 400, the pulse heater 6 mils cell string closely tracks the reference cell string, indicating very little, if any improvement over the reference cell string. During the quiescent period there appears to be abrupt annealing in which the pulse heater cell surpasses both the reference cell and constant heater cell. Comparing this information with figure 11, the 12 mil coverglass pulse heater performance is noticeably better than both the constant heater and reference cell strings for the entire flight.
The 6 mils pulse heater cell and reference cell strings had solar efficiencies of 16.7 and 16.2% compared to 14.7 and 15.1% efficiencies for the forward bias and constant heater cells. The efficiency advantage of the pulse heater and reference cell is eliminated at approximately orbit 375, at which time the pulse heater annealing begins to become more effective. The 12 mils cells had a much narrower range of efficiencies: 16.5, 16.1, 16.4, and 15.4 for the pulsed, constant, reference, and forward biased cells. The 12 mils pulsed and constant heater cells track each other closely until orbit 375 where the pulsed heater also becomes more effective at annealing out damage. It should also be mentioned that 6 mils quartz stops -4.5 MeV protons while 12 mils quartz coverglass stops -6.5 MeV protons. Examination of the measured proton spectra reveals that the fluence in p+/cm2/sr drops approximately an order of magnitude in going from 4.5 MeV to 6.5 MeV resulting in a damage rate in the 6 mils cells that was greater than the annealing rate until the quiescent period.
Looking at figure 10, the forward biased string has retained 82% of its BOL power compared to 79% BOL for the pulse heater string, 77% BOL for the constant heater string, and 75% BOL for the reference string. Figure 11 reveals the forward biased string has retained 88 % of its BOL maximum power compared to 87%, 86%, and 84% BOL maximum power for the pulse heater string, the constant heater string, and the reference string respectively. Passing current in the forward direction through the cells results in a different voltage drop across each cell. Localized low resistance paths in a solar cell will result in very high current densities at that point which will locally anneal out damage sites. The forward bias and the pulse annealing experiment were designed to operate at 190" C and 250" C, respectively, for a half an hour each week. The pulse heater experiment uses a heater under the cells to achieve annealing and thus is not as effective in annealing out localized dislocations or trapping centers.
A comparison between quartz and microsheet coverglass shielding revealed essentially no difference between the two materials in terms of degradation rates. Figure 12 shows the percentage of BOL maximum power per cell versus orbit number for four GaAs/Ge cells behind 4.5 mils (string #3) and 12 mils (string #8) of quartz and 4 mils (string #6) and 12 mils (string #7) of microsheet. The cells under 12 mils essentially tracked one another with the CMX ending with 87 % of its BOL maximum power versus 85 % BOL maximum power for the quartz. The cell under 4 mils CMX finished with 77% of BOL maximum power versus 75% of BOL maximum power for the 4.5 mils of quartz.
We also saw no difference between soldered and welded electrical interconnects. During each eclipse, the temperature in the ambient panel dropped approximately 140" C (90" C to -50" C). There was no indication that the thermal stress created during each eclipse over the 1067 orbit mission degraded either the welded or soldered electrical interconnections. 
IV. DISCUSSION & CONCLUSIONS
We have shown that the space radiation environment is very dynamic, and that extreme care must be used in predicting solar cell degradation using constant particle fluences per day derived from static models. Solar cell degradation showed good correlation with changes in measured proton fluences. Electron fluence levels did not appear to effect solar cell performance, even after the multitude of geomagnetic storms during orbits 600 to 900 increased the 1.1 to 7.5 MeV electron fluence per orbit by several orders of magnitude. However, it should be noted that during an extended mission, these high energy electron fluences could eventually degrade performance.
GaAslGe solar cells performed better than two different types of silicon solar cells under equivalent coverglass shielding. The thin silicon K7-3/4 solar cell degraded much faster in the beginning of the mission due to its back surface field. However, after fourteen and a half months, the K7-3/4 still had a higher maximum power per cell than the silicon K4-3/4 reference solar cell.
A comparison of like GaAs/Ge solar cells under different quartz coverglass thicknesses showed that increasing the coverglass thickness from 6.5 mils to 12 mils resulted in a 12 % increase (75 % to 87 %) in percentage of BOL maximum power at the end of the mission. Increasing the quartz thickness from 12 mils to 30 mils resulted in only a 4% increase in percentage of BOL maximum power at the end of the mission at almost triple the weight penalty.
Results from the Annealing panel showed that forward bias annealing outperformed both constant heating and pulsed heating biasing techniques for cells under 6 and 12 mils coverglass. From an economic and practicality standpoint, the forward biasing annealing method is much simpler and less costly than methods using external heaters in providing high annealing temperatures.
We found essentially no difference in the degradation of maximum power per cell for GaAslGe solar cells under similar thicknesses of quartz and microsheet coverglass. There were also no differences observed between soldered and welded interconnects.
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